r Obesity during pregnancy and childbirth is associated with labour dystocia leading to instrumental or operative delivery, but the underlying pathophysiological mechanisms remain unclear and insufficient uterine contractility has been suggested. r This study examined whether reduced myometrial mitochondrial capacity or quantity could contribute as a pathophysiological mechanism to labour dystocia.
Introduction
In 2014 the World Health Organisation estimated that the worldwide prevalence of obesity (body mass index (BMI) ࣙ 30 kg m −2 ) among adult women had reached 15%, with a parallel increase in number of obese childbearing women (Mendis et al. 2014) . Obesity during pregnancy and childbirth is associated with several serious complications (Castro & Avina, 2002; Mantakas & Farrell, 2010; Chung et al. 2012) , including labour dystocia (Zhang et al. 2007a; Cedergren, 2009; Walsh et al. 2011) . Obese women are reported to have more than twice as high a risk of having a Caesarean section due to labour dystocia than normal-weight women (Walsh et al. 2011) and in the USA up to half of acute Caesarean sections in nulliparous women have dystocia as an indication (Zhang et al. 2010) . The evidence of an increased risk of inefficient uterine contractility during labour in obese women is well-established (Zhang et al. 2007a; Walsh et al. 2011; Magann et al. 2013; Highley et al. 2016) and spontaneous contractions in myometrial strips from obese women have been shown to decline with increasing body weight (Zhang et al. 2007a ), yet these findings are controversial (Chiossi et al. 2010; Higgins et al. 2010; Crankshaw et al. 2017) . The underlying pathophysiological mechanisms are still poorly understood and proposed suggestions are primarily centred around obesity altering hormonal and lipid levels, ultimately leading to changes in the myocyte function or composition, hence reducing uterine contractility (Lowe & Corwin, 2011; Carlson et al. 2015) .
Inhibitory effects of adipokines on contractions in human myometrium strips have indeed been reported (Moynihan et al. 2006; Hehir et al. 2008; Hehir & Morrison, 2012; Mumtaz et al. 2015) . However, the physiological importance remains unclear, as not all adipokines increase with obesity and levels of adipokines during labour have yet to be investigated . Another hypothesis is that raised plasma cholesterol disrupts the caveolae of the myocytes of the myometriumthis could affect the function of ion channels essential for hyperpolarization of the myocyte membrane during myometrial contraction, but also alter the properties or the number of oestrogen and oxytocin receptors (Lowe & Corwin, 2011) . Elevated plasma cholesterol levels do seem to inhibit contractions in human and rat myometrial strips ex vivo (Smith et al. 2005; Zhang et al. 2007b) , but changes in the oxytocin receptor system or gap junctions between the myocytes associated to obesity have not been substantiated (Garabedian et al. 2013; Grotegut et al. 2013) . Dysregulation of the expression of potassium channels important for onset of labour has also been demonstrated in obese women (Parkington et al. 2014) . Finally obesity does not seem to have an impact on the proportion of smooth muscle cell and extracellular matrix in the human myometrium at term either (Sweeney et al. 2013 (Sweeney et al. , 2014 .
A more general hypothesis of obesity effects is the lipid overflow hypothesis (Mittendorfer, 2011) , which suggests that when the individual limits of physical expandability of the adipose tissue are surpassed, other tissues, e.g. skeletal or cardiac muscle, are exposed to excess free fatty acid (FFA) levels, leading to intramyocellular fat storage and mitochondrial stress due to incomplete fatty acid oxidation (Consitt et al. 2009; Tumova et al. 2016; Schrauwen-Hinderling et al. 2016; Di Meo et al. 2017) . In skeletal muscle it still remains unsettled whether the observed lower ATP synthesis capacity in individuals with obesity (Bakkman et al. 2010; Vijgen et al. 2013 ) is due to a lower concentration of mitochondria, dysfunction or a combination of the two (Consitt et al. 2009; Holloway et al. 2009; Tumova et al. 2016; Jorgensen et al. 2017) . Adverse effects of obesity in skeletal muscle on the mitochondrial electron transport chain (Ritov et al. 2010) and on expression of genes of the oxidative metabolism and mitochondrial biogenesis, such as the peroxisome proliferator-activated receptor γ (PPAR-γ) and PPAR co-activator 1 α (PGC-1α) (Maples et al. 2015) , have been reported. In our previous study conducted in a rat model of obesity in pregnancy, mitochondrial oxidative capacity and morphology in the myometrium appeared unaffected (Gam et al. 2015) , but such knowledge is not available for the human myometrium at term. In the present study we therefore aimed to investigate whether pre-pregnancy obesity alters lipid metabolism and mitochondrial phenotype in the human myometrium at term.
Methods

Ethical approval
The study was approved by the regional ethical committee of Copenhagen, Denmark (Protocol no. H-1-2012-070) . The research was carried out in accordance with the standards set by the World Medical Association's Declaration of Helsinki and oral and written informed consent to participate in the study was obtained from all women.
Anthropometric and clinical data
Thirty-six pregnant adult women with a singleton pregnancy attending antenatal care at Rigshospitalet, Denmark and having a term elective Caesarean section were included in a random sequence during the period October 2013 to December 2015. Nineteen were normal weight (BMI 18.5-24.9 kg m −2 ) and seventeen obese (BMI ࣙ 30 kg m −2 ) (WHO Expert Committee on Physical Status, 1995). The pre-pregnancy BMI was calculated using self-reported height and weight from the antenatal file. The exclusion criteria were a known substance addiction including smoking, known comorbidities including diabetes or psychiatric illnesses or the use of medicine known to affect muscular contractions. Age, gestational age, parity and indication for Caesarean section were obtained from the medical records. An hour prior to surgery, blood samples, blood pressure, height and weight were obtained.
Blood sampling and myometrial biopsies
Venous blood samples were drawn into EDTA vials from vena cubitalis after at least 6 h fasting and blood sample analyses were done immediately. Myometrial biopsies (length 4 cm × depth 0.5 cm × height 1 cm, approximately 2-4 g) were isolated from the upper part of the uterine incision (transverse isthmic incision). All women were, 2-3 min before harvest of the myometrial biopsy, given an intramyometrial injection of oxytocin (Syntocinon R 10 IU) after delivery of child and placenta according to the Danish national guidelines for prevention of postpartum haemorrhage. The main part of the biopsies was immediately soaked in ice-cold KCl medium for preparation of isolated mitochondria and subsequent mitochondrial respiratory measurement. The remaining parts were either frozen in liquid nitrogen (approximately 200-250 mg of myometrium) and placed in a −80°C freezer for subsequent biochemical analyses, or immersion-fixed in 2% paraformaldehyde and 0.1% glutaraldehyde (approximately 8 mm 3 ) for subsequent histology analyses, or immersion-fixed in 2% v/v glutaraldehyde in 0.05 M sodium phosphate buffer (pH 7.2) (approximately 8 mm 3 ) for subsequent ultrastructural analysis.
Mitochondrial respiratory measurements
Incubation media. Three different media were used in the respiratory experiments: (1) KCl medium containing 100 mM KCl, 5 mM MgCl 2 , 50 mM Tris, 1 mM EDTA, pH 7.4 at 0°C; (2) ATP medium consisting of KCl medium with 1 mM ATP and 0.2% BSA; (3) MSTPi medium containing 225 mM mannitol, 75 mM sucrose, 20 mM Tris base, 0.5 mM EDTA and 10 mM KH 2 PO 4 , pH 7.0 at 25°C. All reagents were purchased from Sigma-Aldrich (St Louis, MO, USA).
Preparation of isolated mitochondria. Mitochondria from the myometrium were isolated using a modified protocol (Wikstrom et al. 1975; Fritzen et al. 2007) . Approximately 3 g myometrium was washed briefly in ice-cold KCl medium, subsequently minced rapidly with scissors in 20 mL ATP medium containing 100 U of proteinase, and left in this medium for 10 min with occasional stirring. The resulting tissue fragments were rinsed in ATP medium and homogenized in a Teflon Potter Elvehjem homogenizer for 6 min at 0°C (200 rpm, 0.405 mm vessel-pestle clearance) followed with a Büchner funnel filtration. The mitochondrial preparation was obtained after three consecutive centrifugations at 4°C. The first centrifugation was done at 400 g for 5 min and the supernatant collected. In the second centrifugation this supernatant was spun at 5400 g for 10 min and the pellet from this centrifugation was resuspended in approximately 8 mL of KCl medium and spun at 6700 g for 10 min in the third centrifugation. The supernatant was decanted and the resulting pellet was weighed and resuspended (1:1) in MSTPi medium.
Mitochondrial oxygen consumption measurements. Five Oroboros Oxygraph-2k instruments (Innsbruck, Austria) were used to operate 10 oxygraph chambers in parallel at 25°C. Data acquisition and analyses were performed using DatLab software (Oroboros). Ten microlitres of mitochondrial suspension was added to each chamber containing 2 mL of MSTPi medium. Stirrer speed was 700 rpm in all measurements. Various respiratory parameters were measured by sequential substrate addition. Chamber concentrations after substrate addition were as follows: malate (2 mM), pyruvate (0.5 mM), palmitoyl carnitine (10 μM), ADP (2 mM), succinate (5 mM), exogenous cytochrome c (0.04 μM), rotenone (50 nM). Each respiration period after addition of new substrate was recorded for 5-10 min ensuring that steady state was reached. Between experiments, the chambers were washed thoroughly with first ethanol and then water. State 4 respiration was defined as oxygen consumption with pyruvate or palmitoyl carnitine in the absence of ADP or any metabolic poisons or inhibitors. State 3 respiration was defined as ADP-stimulated respiration. V O 2 max respiration was reached by addition of succinate and complex II respiration alone was determined by addition of rotenone, a complex I inhibitor. Mitochondrial integrity was verified by observing that addition of cytochrome c did not cause a significant increase in respiration. The ATP formation to oxygen consumption ratio (P/O 2 ) was obtained by measuring the amount of oxygen needed to consume 0.4 μmol of ADP. The respiratory control ratio (RCR) was calculated as the ratio between states 3 and 4. Oxygen consumption rate measurements were normalized to protein content of the mitochondrial suspensions and expressed as nmol oxygen per min per mg mitochondrial protein.
Biochemical analyses
Plasma triglycerides, cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL) and glucose were measured by enzymatic assay (respective reagents: TRIGL, CHOL2, HDLC3, LDLC3, GLUC3; Roche Diagnostics, Rotkreuz, Switzerland), and plasma insulin was measured by a sandwich electrochemiluminescense (Matthews et al. 1985) . Protein concentrations in the mitochondrial suspensions or myometrial tissue samples were determined by a modified Lowry method (Lowry et al. 1951) with BSA as standard. Citrate synthase (CS) activity in the mitochondrial suspensions or myometrial tissue samples was assayed according to Shepherd & Garland (1969) . Triglyceride content in the myometrial samples was measured by hydrolysis coupled to enzymatic determination of glycerol (Kates, 1986) and absorbance changes at 340 nm were followed by spectrophotometry (Wieland, 1984) .
RNA purification and quantitative real-time PCR
RNA was extracted from the myometrial tissue using Qiazol (Qiagen, Valencia, CA, USA) and RNA was cleaned using RNeasy R Mini Kit (Qiagen) according to the manufacturer's instruction. Total RNA was mixed (at a concentration above 0.15 μg μL −1 for a total of 1.5 μg RNA in 20 μL volume) with reverse transcriptase, random hexamer primers and nucleotides and cDNA synthesis performed using the High Capacity cDNA Reverse Transcription Kit with RNase inhibitor (Applied Biosystems, Carlsbad, CA, USA) as described by de Melo et al. (2011) . Amplification mixtures were amplified using a SYBR Green mastermix (Applied Biosystems) according to standard conditions ((95°C, 10 min) × 1, (95°C, 15 s; 60°C, 1 min; 95°C, 15 s; 60°C, 15 s; 95°C, 15 s) × 50 cycles in a total volume of 10 μL with a melting curve from 60 to 100°C) in 384-well plates in duplicates on an ABI VIIA7 real-time PCR system (Applied Biosystems). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels were used for normalization between samples. The primers were designed according to the National Centre for Biotechnology Information 'primer design tool' online using Homo sapiens and adhered to the Minimum Information for Publication of Quantitative (MIQE) Real-Time PCR Experiments guidelines. Primer sequences are described in Table 1 . As there was no significant difference in glyceraldehyde-3-phpshpate dehydrogenase (GAPDH) mRNA levels between groups (P = 0.69) and expression level was very similar, GAPDH was selected for normalisation between samples.
Western blot
Myometrial tissue was mixed with a modified RIPA lysis buffer with protease and phosphatase inhibitors (an aqueous solution at pH 7.4 of: 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.25% deoxycholate, 1% Triton X-100, 1 μg mL −1 pepstatin A, 1 mM Na 3 VO 4 , 1 mM NaF, Phosphatase inhibitor 1 and 2 (Sigma-Aldrich) and a complete protease inhibitor cocktail (Roche, Basel, Switzerland). Tissue samples were mechanically homogenized using a Tissuelyzer (Qiagen) for 1 min at 30 Hz and 15 min incubation on ice, repeated 3 times. Samples were rotated end over for 1 h at 4°C before being centrifuged for 30 min at 20,000 g at 4°C and the supernatant transferred to a new tube. Protein concentration was determined using the Bio-Rad DC kit (Bio-Rad, Hercules, CA, USA) with BSA used as standard. All determinations were done in triplicate. Protein lysates were heated at 50°C for 2 min in NuPAGE LDS Sample Buffer Invitrogen (Thermo Fisher Scientific, Carlsbad, CA, USA) and proteins, 25 μg per lane, were separated by SDS-PAGE electrophoresis (4% to 12% NuPAGE Bis-Tris precast gels) and transferred to polyvinylidene diflouride membranes (0.20 A constant for 1 h). The membranes were stained with Ponceau-S staining for transfer quality control and blocked at room temperature for 1 h in 5% skim milk in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) and incubated with primary antibody (diluted in 5% BSA or skim milk in TBS-T) overnight at 4°C. Membranes were washed and incubated with an appropriate secondary antibody for 1 h at room temperature and visualized using ECL or Supersignal West Femto (Thermo Scientific, Pierce Technology, Omaha, NE, USA) employing a G:BOX imager (Syngene, Cambridge, UK). Densitometry analysis was performed using the ImageJ software (open source: http://rsbweb.nih.gov). The β-actin protein levels were used for normalization between samples. The total OXPHOS antibody cocktail (cat. no ab-110413) was obtained from Abcam (Cambridge, UK) and β-actin (ACTB, cat. no. Sc-47778) was obtained from Santa Cruz Biotechnology (Dallas, TX, USA).
Light microscopy
Paraffin embedding and histological staining. Myometrial biopsies of approximately 8 mm 3 were immersionfixed in 2% paraformaldehyde and 0.1% glutaraldehyde and embedded in paraffin. Using a microtome the embedded myometrium samples were cut into 5 μm sections and mounted on glass microscope slides. The sections were dewaxed through graded concentrations of alcohol and xylene. For nucleus and cytoplasm visualization, sections were stained with haematoxylineosin (HE). Sections were incubated for 4 min in Mayers Hemalun, followed by a 5 min wash in running tap water followed by 0.1% eosin in Walpole acetate buffer pH 4.6 for 1 min and a short wash in running tap water. Finally sections were dehydrated in ascending ethanol to 99% and mounted with Pertex. For glycogen visualization, sections were stained with periodic acid-Schiff (PAS). Sections were incubated for 5 min in periodic acid, followed by a 5 min wash in water, then 40 min in Schiff's reagent followed by a 10 min wash in water. Sections were then counterstained in haematoxylin for 5 min and washed in water for 10 min. Sections were finally dehydrated in ascending ethanol to 99% and mounted with Pertex. For collagen visualization, sections were stained with Sirius Red. They were postfixed for 18 h in Bouin solution, followed by a 20 min wash in water. Sections were then incubated in Weigert's solution for 10 min, followed by a 5 min wash in water. Finally they were incubated in Sirius Red solution for 15 min, dehydrated in ascending ethanol to 99% and mounted with Pertex. For immunohistochemical staining sections were primarily boiled for 15 min in triethylene glycol buffer (pH 9) for antigen retrieval. They were then pre-incubated in 10 min in 2% bovine serum albumin followed by 18 h incubation at 4°C with the primary antibody anti-cytochrome c oxidase subunit IV (COX IV) (ab16056, Abcam), diluted 1:300. The immunoreaction was amplified by incubation for 40 min with biotinylated secondary antibody immunoglobulins goat anti-rabbit (BA-1000, Vector Laboratories, Burlingame, CA, USA) 1:200. Endogenous peroxidase was then blocked with 3% hydrogen peroxide. Sections were then incubated for 30 min with preformed avidin and biotinylated horseradish peroxidase macromolecular complex (Elite ABC, code no. PK-6100, Vector Laboratories). Finally the reaction was developed by use of 3,3-diaminobenzidine (KEM-EN-TEC Diagnostics, Taastrup, Denmark, cat. no. 4170) for 15 min, followed by 2 min incubation in 0.5% copper sulphate (Merck, Darmstadt, Germany), diluted in Tris buffer containing 0.05% Tween. Counterstaining was performed with Mayer's hemalun.
Image acquisition and processing. Images for quantification were recorded using a Zeiss Axioplan 2 plus microscope (Jena, Germany) fitted with a Photometrics CoolSNAP camera (Tucson, AZ, USA) and analysis was performed using Image-Pro Plus 7.0 software. Images for quantification were recorded at ×20 magnification and each image represented 1,760,000 μm 2 of tissue. Different representative areas were chosen and the area of stained structures (HE, PAS, Sirius Red or COX IV) was measured by selecting a coloured region of interest. The average total area measured per subject for each staining in μm 2 was 1,505,000 for HE, 1,425,000 for PAS, 1,373,000 for Sirius Red and 1,059,000 for COX IV. Automatically, areas the with same colour were measured. Sections with insufficient muscle tissue or poor staining results were excluded. Means ± SEM were calculated for samples in each group. Representative images of the HE, PAS, Sirius Red and COX IV staining are shown in Fig. 1A -H.
Electron microscopy
Seven randomly chosen specimen blocks from each group were chosen for descriptive examination. Blocks were rinsed three times in 0.15 M sodium cacodylate buffer (pH 7.2) and subsequently postfixed in 1% w/v OsO 4 in 0.12 M sodium cacodylate buffer (pH 7.2) for 2 h. The specimens were dehydrated in graded series of ethanol, transferred to propylene oxide and embedded in Epon according to standard procedures. Sections, approximately 80 nm thick, were cut with a UC7 microtome (Leica, Vienna, Austria) and collected on copper grids with Formvar supporting membranes, stained with uranyl acetate and lead citrate, and subsequently examined with a Philips CM 100 transmission electron microscope (TEM) (Philips, Eindhoven, The Netherlands), operated at an accelerating voltage of 80 kV. Digital images were recorded with an OSIS Veleta digital slow scan 2 × 2 k CCD camera and the ITEM software package (Olympus Soft Imaging Corp, Münster, Germany).
Statistics
Statistical analysis was performed using SAS 9.4 (SAS Institute, Cary, NC, USA). Normal distributions were checked with histograms and the Kolmogorov-Smirnov test. Data were log-transformed prior to analysis when appropriate to obtain a normal distribution. A mixed J Physiol 595.23 model ANOVA was used for the analysis of the effect of obesity and substrate on oxidative capacity data in the isolated mitochondria. There were no significant interactions between effects. On all other data Student's unpaired two-tailed t test was used for analysis of the effect of obesity. Results are given as means ± SEM unless otherwise Percentage of stained area for normal weight (BMI >18 and <25 kg m −2 ) vs. obese women (BMI ࣙ30 kg m −2 ) was respectively 2.17 ± 0.12 vs. 1.79 ± 0.13% (P = 0.024) for nucleus stain (HE), 4.80 ± 0.23 vs. 4.12 ± 0.32% (P = 0.049) for glycogen stain (PAS), 36.35 ± 1.20 vs. 33.08 ± 1.36% (P = 0.076) for collagen stain (Sirius Red) and 2.60 ± 0.19 vs. 2.64 ± 0.22% (P = 0.927) for mitochondrial stain (anti COX IV antibody). Results are given as means ± SEM. Data were log-transformed prior to analysis and signficant difference between groups was evaluated by Student's t test; * significant difference between groups. Scale bars: 50 µm.
stated. Statistical significance was set at the 95% level (P < 0.05).
Results
Characteristics of the groups of the study
Clinical and anthropometric characteristics of the 36 participating women showed that age, height, gestational age, blood pressure and obstetric history did not differ between the two BMI groups (Table 2) . Weight gain during pregnancy was significantly lower in the obese group compared to the normal weight group (P = 0.006). Fasting venous insulin levels were on average almost twice as high in women with obesity (128 ± 13 vs. 68 ± 10 pmol L −1 , P = 0.002) -accordingly the HOMA-IR was also twice as high (3.92 ± 0.38 vs. 2.03 ± 0.43 mM.mU L −1 , P < 0.001) -while fasting venous FFA levels were lower in women with obesity (0.28 ± 0.04 vs. 0.47 ± 0.04 mmol L −1 , P = 0.043) ( Table 3) . Fasting venous plasma glucose, cholesterol, HDL, LDL and triglyceride levels did not differ between the groups.
Characteristics of the myometrium
Biochemical analyses of the myometrium revealed that triglyceride content was significantly higher in the women with obesity (2.39 ± 0.26 vs. 1.56 ± 0.20 mM, P = 0.024) ( Table 4) . Protein content and CS activity in g wet weight myometrium was significantly lower in the group with obesity (109.2 ± 7.2 vs. 139.4 ± 5.6 mg g −1 wet wt, P = 0.002, and 24.8 ± 1.0 vs. 29.6 ± 1.4 U g −1 wet wt, P = 0.008, respectively), but CS activity-to-protein content did not differ between the groups. None of the complexes of the respiratory chain examined by Western blot differed. Myometrial mRNA levels of genes related to mitochondrial biogenesis (PGC-1α, PGC-1β, transcriptional mitochondrial factor A (TFAM), carnitine palmitoyl transferase 1A (CPT1A)) and inflammation (PPAR-γ and CD68), examined by quantitative real-time PCR, did not differ between the groups (Table 5) .
Oxidative capacity in the myometrium
The oxygen consumption was measured in mitochondria isolated from the myometrium as described in Methods. In state 4 and 3 respiration, as well as state 3 with activation of complex II with succinate and inhibition of complex I with rotenone, oxygen consumption in the isolated myometrial mitochondria did not differ significantly between the two groups, regardless of whether the oxygen consumption substrate was a carbohydrate (pyruvate) or a fatty acid (palmitoyl carnitine) (Table 6 ). Still, the respiratory control ratio (RCR) was on average 20% lower in the obese group compared with control regardless of the substrate supplied (P = 0.004). The effect of adding succinate or rotenone did not differ between groups. However, the effect of ADP and rotenone was significantly reduced when palmitoyl carnitine was the substrate. The phosphorylation efficiency, expressed by the ATP formation-to-oxygen consumption ratio (P/O 2 ), did not differ between the groups (Table 6 ). The CS activity in the isolated mitochondrial suspension did not differ between the groups (0.19 ± 0.03 vs. 0.19 ± 0.02 U mg −1 protein, P = 0.538).
Light and electron microscopy
Representative sections stained for visualization of nucleus and cytoplasm (haematoxylin-eosin, HE), glycogen (periodic acid-Schiff, PAS), collagen (Sirius Red) and mitochondria (COX IV) from the myometrium were evaluated (Fig. 1) . The stained areas for nuclei (HE) and glycogen (PAS) in the obese group compared to the normal weight group were significantly smaller (respectively 1.79 ± 0.13 vs. 2.17 ± 0.12%, P = 0.024, and 4.12 ± 0.32 vs. 4.80 ± 0.23%, P = 0.049) and it was noted that the collagen stained area (Sirius Red) tended to be smaller (33.08 ± 1.36 vs. 36.35 ± 1.20%, P = 0.076).
No difference was detected between groups in the COX IV stained area. TEM images from the myometrium of seven women from each group disclosed no difference in morphology and localization of mitochondria in myocytes between the groups. The mitochondria in the myocytes appeared mainly to have perinuclear and subsarcolemmal localization (Fig. 2) , often seemingly Normal wt Obese (n = 19) (n = 17) P CD68 (mRNA, AU) 1.23 ± 0.12 1.02 ± 0.34 0.127 PGC-1α (mRNA, AU)
1.14 ± 0.26 1.80 ± 0.16 0.120 PGC-1β (mRNA, AU)
1.07 ± 0.09 1.10 ± 0.09 0.827 PPAR-γ (mRNA, AU)
1.30 ± 0.19 1.27 ± 0.12 0.839 TFAM (mRNA, AU)
1.31 ± 0.07 1.30 ± 0.75 0.513 CPT1A (mRNA, AU)
1.09 ± 0.07 1.17 ± 0.71 0.997 RNA levels of genes related to mitochondrial biogenesis and inflammation measured by quantitative real-time PCR in the myometrium at term normalized to GAPDH mRNA levels grouped by BMI. CD68, cluster of differentiation 68; PGC-1α, peroxisome proliferator-activated receptor γ coactivator 1 α; PCG-1β, peroxisome proliferator-activated receptor γ coactivator 1 β; PPAR-γ, peroxisome proliferator-activated receptor γ; TFAM, mitochondrial transcriptional factor A; CPT1A carnitine palmitoyltransferase 1A. Results are given as mean ± SEM. Data were log-transformed prior to analysis and significance of difference between groups was evaluated by Student's t test; no significant difference between groups was found.
arranged as 'pearls on a string' ( Fig. 2A and 2B ). Perinuclear mitochondria were associated with rough endoplasmic reticulum, Golgi apparatus and clusters of glycogen ( Fig. 2C and 2D ), whereas subsarcolemmal mitochondria were seen in proximity to invaginations (caveolae) of the plasma membrane (Fig. 2E) .
Discussion
A reduction of myometrial mitochondrial capacity or quantity, or both, mediated by obesity could decrease the efficiency of uterine contractility during labour (Lowe & Corwin, 2011 ). The present study shows, however, that obesity during pregnancy does not change mitochondrial content, morphology, localization or function in the myocyte in the myometrium. Yet, we find strong indications of reduced muscle content with increased triglyceride levels in the myometrium at term. This latter observation may enable further understanding of the biological mechanisms behind labour dystocia in obesity. Mitochondrial content in the myometrial myocyte seems unaffected by obesity as CS activity and amounts of mitochondrial complexes, as expressed per total myometrial protein, did not differ between normal weight and obese pregnant women. Markers of mitochondrial biogenesis, PGC-1α, PGC-1β, CPT1A or TFAM, were also unaffected, rendering no indication of altered regulation of mitochondria. Although TEM micrographs of the myocytes did not provide any indication of alteration in mitochondrial localization or morphology, the finding of a distinct perinuclear or subsarcolemmal localization in proximity to caveolae, as previously described in rats (Gam et al. 2015) , might be of importance for understanding the contraction-relaxation cycle in the myometrial myocyte, as energy-dependent caveolae endocytosis seems essential for normal contractile function (Wray, 2007) . Additionally altered organization of the mitochondria could be of importance for contractile function of the myocyte and interestingly the linear relationship or 'pearls on a string' formation noted in some of the images gives the distinct impression that the mitochondria are organized in a structured entity, as seen in other muscle tissue (Vincent et al. 2016) . Further exploration of this would require other methods (e.g. serial block face scanning and subsequent 3D reconstruction) than those presented in the present study, but could provide new insight on how the myometrial myocyte contracts.
Mitochondrial function also seemed unaffected, with the exception of a significantly decreased RCR in obese women. Mitochondrial RCR depends on numerous factors and is a complex entity -a change in almost any part of the oxidative phosphorylation will change RCR (Brand & Nicholls, 2011) and RCR is usually taken as an indicator of the 'quality' of the mitochondrial preparation. The 'quality' can also be assessed by the increase in oxygen consumption seen by addition of exogenous cytochrome c. However the cytochrome c effect on oxygen consumption did not differ between groups and the effect did not correlate to RCR either (analysis not shown) -suggesting that different qualities of the isolated mitochondria are reflected by the two parameters. It is also of note that the P/O 2 did not differ between groups. It is tempting to suggest that the difference in RCR is somehow related to the finding of increased triglyceride levels in the myometrium, although at this stage it remains a speculation. However, the triglyceride levels were 1.5 times higher in the myometrium of obese women and, accordingly, both protein and CS per wet weight content were decreased. The decrease in protein content in the obese women can to some extent be explained by the increase in triglyceride content: the difference between groups in protein and triglyceride content is 1.51 mg g −1 and 0.83 mM, respectively, and taking the molar weight of triglyceride to 850 g mol −1 , approximately half of the difference in protein content can be attributed to the increased triglyceride content (0.83 mM/850 g mol −1 = 0.71 mg g −1 ). These differences are substantiated by our histological findings. Light microscopy sections stained for nuclei, cytoplasm, glycogen and collagen supported the idea of a smaller density of myocytes in the myometrium in obese women, while no difference was seen between groups for mitochondrial staining. This might be due to exclusion of more COX IV stained sections, because of poor staining results. Our histological findings are in contrast with those of Sweeney et al. (2013) , where no influence of BMI on smooth muscle cell or extracellular matrix in the myometrium was revealed. Their study had a similar study population and size, but their approach to the analysis of the stained sections differed from the present study by both sample handling and quantification method. Especially the macroscopic dissection of myometrial strips with elimination of presumptive non-muscular tissue could lead to unrepresentative sampling. The same group also did a study on TEM images of myometrial myocytes to identify cell and nuclear volume in the myometrium at term in obese women where no effects were identified (Sweeney et al. 2014) . Although a large number of TEM images from each patient was examined, the area actually examined in each case was smaller than what we examined by light microscopy and combined with a different quantification method, this might account for the diverging results. No information on the myometrial composition in regards to triglyceride, protein or citrate synthase content has been reported in any of these previous studies (Sweeney et al. 2013 (Sweeney et al. , 2014 . To our knowledge, there are no studies reporting such measurement in the myometrium at term in obese women and studies modelling obesity during pregnancy in rats convey rather conflicting findings (Elmes et al. 2011; Gam et al. 2015) . As samples from the myometrium in the present study were isolated during Caesarean section, our sampling was not contaminated by, for example, adipose tissue, which is supported by the histology presented.
Elevated plasma FFA levels or increased dietary fat content are known to increase intramyocellular lipid content in skeletal muscle tissue, suggesting that skeletal muscle stores fat simply if the availability of fatty acids is high (Schrauwen-Hinderling et al. 2006) . A similar mechanism may be in play in the myometrium, but at this stage we have not identified the location of the triglycerides in the myometrium. The issue of lipotoxicity presumably only arises when the fatty acid oxidation capacity in the skeletal muscle is surpassed (Sorensen, 2012) and it is unknown if this occurs in the myometrium. Animal studies clearly indicate that in early pregnancy myocytes first proliferate, whilst in late pregnancy a substantial hypertrophy of the myocytes occurs (Shynlova et al. 2009 ) -and this could affect the duration of exposure to FFA oxidation in the myometrial myocytes. Indeed obesity did not seem to have any influence on the expression of gene markers of inflammation, respectively CD68 and PPAR-γ, which differs from the findings in skeletal muscle in obese subjects (Consitt et al. 2009; Schrauwen et al. 2010; Sorensen, 2012) . Is it credible that these obese women are exposed to higher FFA levels? We do not have non-fasting plasma parameters to compare with the fasting values and a study by Buijs et al. (2003) strongly indicated that the lipolytic response to fasting in abdominally obese women is reduced. This mechanism could explain the lower FFA levels found in the pregnant obese women -thus not excluding higher amounts of FFA levels in the non-fasting state leading to intramyocellular lipid storage in the myometrium. Fasting plasma cholesterol triglycerides, HDL, and LDL were not different between groups, although increased non-fasting levels in the late pregnancy in obese women have been reported (Merzouk et al. 2000; Dube et al. 2012 ) and non-fasting plasma lipid levels would have been interesting.
We assume glucose homeostasis was normal in both groups (women with a BMI above 27 kg m −2 or familiar disposition to diabetes are routinely proposed an oral glucose tolerance test in the second trimester in Denmark) and fasting blood glucose was also equal in both groups. Although fasting seems to decrease insulin levels equally in both lean and obese women (Buijs et al. 2003) , the obese women in our study still had twice as high a HOMA-IR as the normal-weight women. Bearing in mind that insulin resistance is a normal physiological response in pregnancy (Herrera & Ortega-Senovilla, 2010; Catalano & Shankar, 2017) , this significantly higher level of plasma insulin, combined with the increased insulin resistance in obese women, would be expected to decrease lipolysis in the adipose tissue, stimulate hepatic FFA uptake and possibly stimulate fat storage in the myometrium, by a mechanism similar to the one seen in skeletal muscle (Herrera & Ortega-Senovilla, 2010) . These effects in synergy with fasting could thus explain the lower FFA levels in the obese women, as well as the elevated triglyceride content in the myometrium.
Weight gain during pregnancy differed greatly between groups and, for some of the obese women, pregnancy was accompanied by a weight loss or very small weight gain. This phenomenon is well known (Nohr et al. 2008 ) and might even reduce perinatal risks associated with obesity (Bogaerts et al. 2015) , although fetal growth might also be impaired by no or very low maternal weight gain in obese women (Catalano et al. 2014) . The groups in the present study are too small and too diverse in their weight gain to meaningfully stratify groups according to weight gain and pre-pregnancy BMI, but it is difficult not to speculate on how FFA levels would be affected by lesser weight gain or no weight gain, and how this ultimately could affect the myometrium. Weight loss during pregnancy in obese women could increase general FFA levels, but at the same time weight loss is often accompanied by a change in food consumption -this, combined with the physiological effects of pregnancy, makes it difficult to predict exactly what the availability of FFA would be.
In this study we present new insight on the myometrium at term in normal weight and obese women. Mitochondria in the term myometrium in healthy normal-weight and obese women are described in detail in terms of amount, function, morphology and localization and it seems clear that obesity per se does not influence mitochondrial phenotype in the myometrium. The increased triglyceride in the myometrium in obese women seems linked to a smaller density of myocytes, which in itself might decrease contractility force. In turn this could contribute to the pathophysiological mechanisms of labour dystocia. However, to verify this hypothesis, more detailed studies of triglyceride localization and of the lipid metabolism in the myometrium, in combination with myometrial contractility studies, as well as studies in labouring women, are needed. Nonetheless, the presented results add to the understanding of systemic effects of obesity, placing also the myometrium at term as an affected non-adipose tissue.
